The steady-state kinetics of reductant-independent ATP hydrolysis by Klebsiella pneumoniae nitrogenase at 23°C at pH 7.4 were determined as a function of component protein ratio (optimal at an oxidized Fe protein/MoFe protein ratio of 3:1) and MgATP concentration (Km 400 ,UM). Competitive inhibition was observed for MgADP (K, 145 
INTRODUCTION
Klebsiella pneumoniae nitrogenase comprises two metalloproteins, the MoFe protein (Kp I; Mr 220 000) and the Fe protein (Kp2; Mr 67000). Nitrogenase catalyses the reduction of N. to 2NH3 with concomitant evolution of H2 and the hydrolysis of MgATP to MgADP and Pi. Under optimum conditions there is a stoichiometry of 2 molecules of MgATP hydrolysed for each electron transferred to reducible substrate (either HI or N2) . See Lowe et al. (1985) , Burgess (1985) , and Smith et al. (1987) for reviews on the structure and mechanism of nitrogenase. Two putative ATP-binding sites on the Azotobacter vinelandii Fe protein have been identified by X-ray crystallography following a structure determination of a molybdate derivative, assuming that molybdate binds at the same site as the terminal phosphate group of ATP (Georgiadis et al., 1990) . Electron transfer is uncoupled from MgATP hydrolysis at pH < 6.4 or > 8.5 (Jeng et al., 1970; Iman & Eady, 1980) , at temperatures < 20°C or > 30°C (Watt et al., 1975) (Hageman & Burris, 1978; Eady & Postgate, 1974) . The nitrogenase-catalysed hydrolysis of MgATP in the absence of an electron source such as Na2S204, when the Fe protein is in the oxidized state, shows that electron transfer from Fe protein to MoFe protein is not required for ATPase activity (Jeng et al., 1970; Iman & Eady, 1980; Cordewener et al., 1987) . This 'reductant-independent' ATPase activity can explain why the limiting stoichiometry of 2 molecules of MgATP hydrolysed for each electron transferred to substrate is not maintained under all conditions. Reactions 1, 2, 3, 4, 5 and 6 of Scheme 1 comprise a cycle (A) that accounts for the limiting stoichiometry of 2 molecules of MgATP hydrolysed for each electron transferred from the Fe protein to the MoFe protein (Thorneley & Lowe, 1983; Lowe & Thorneley, 1984) . Reductant-independent ATPase activity is shown to occur by reactions 7 and 8 in cycle B of Scheme 1. These reactions occur only on the oxidized Fe protein-MoFe protein (Kp2OXKpl) complex and not on the isolated proteins (Iman & Eady, 1980) .
In the present study we have characterized the reductantindependent ATPase reaction and compare a number of parameters with those for the reductant-dependent reaction, in order to ascertain whether these reactions occur at the same sites on the protein complex as is implied by Scheme 1. In addition, we have used the kinetics of phosphate/water oxygen exchange to probe the nature of the ATP-binding site and to determine the extent to which reductant-independent ATP cleavage is reversible. The present experiments complement previous studies in which the reductant-dependent ATP cleavage and subsequent electron transfer (reactions 2 and 3 of Scheme 1) were resolved by stopped-flow calorimetry (Thorneley et al., 1989) . These studies showed that ATP cleavage on nitrogenase and myosin have similar kinetic and thermodynamic parameters. The [18041P exchange technique was originally developed to study the actomyosin system (Koshland & Clarke, 1953; Levy & Koshland, 1959; Hibberd et al., 1985; Webb et al., 1986) .
The mechanism by which GTP and ATP hydrolysis induces protein association and dissociations and related conformation changes is of considerable current interest in the context of Gproteins such as p21""ra (Neal et al., 1990 ) and the muscle actomyosin system (Millar et al., 1987 the reductant-independent ATPase described by cycle B and the extent to which ATP cleavage is reversible.
MATERIALS AND METHODS
The nitrogenase component proteins from Klebsiella pneumoniae (oxytoca) N.C.I.B. 12204 were purified and assayed as previously described (Thorneley & Lowe, 1983) . Kpl and Kp2 had specific activities at 30°C of 1600 and 1150 nmol of ethylene produced/min per mg of protein respectively. Kpl contained 1.4+0.1 g-atom of Mo/mol. Na2S204 was removed from Kpl by gel filtration on Bio-Gel P-6DG (Bio-Rad Laboratories) (1 cm x 16 cm column) equilibrated with 25 mM-Hepes/NaOH buffer, pH 7.4, containing 90 mM-MgCI2. The high MgCl2 concentration is required to stop precipitation of the Kpl on the column. After elution and concentration to approx. 85 mg/ml, by using a Minicon B-15 concentrator, the protein was dialysed against 25 mM-Hepes/NaOH buffer, pH 7.4, to lower the MgCl2 concentration to approx. 10 mm. Oxidized Fe protein (Kp2ox.) was prepared as described by Ashby & Thorneley (1987 Assays of reductant-independent ATP hydrolysis were performed with dithionite-free Kpl, with Kp20,, at various concentrations, in 25 mM-Hepes/NaOH buffer, pH 7.4, containing 10 mM-MgCl2 at 23°C; 20 ,sM-P'P6-bis(adenosine-5')-pentaphosphate (Ap5A) was used in the assays to inhibit (Ki 2.5 nM; Lienhard & Secemski, 1973) Ottolenghi (1975 (approx. 100 glM) in 25 mM-Hepes/NaOH buffer, pH 7.4, containing 10 mM-MgCl2, 20 ,uM-Ap5A, S mM-['804]P, and various concentrations of ADP and ATP analogues. Assays (100 ,1 final volume) were started by the addition of a Kpl/Kp20. protein mixture and terminated by the addition of 100 mg of Dowex AG 50W-X2 resin (HI form). The resin was prepared by washing with 5 M-HCI followed by several volumes of water to neutral pH and then dried by suction. Water (900 4tl) was added to each quenched assay, and after shaking and centrifugation for 10 min at 5°C the clear supernatant was put into precooled Eppendorf tubes, and 50 %-saturated Tris buffer (approx. 2.5 ,ul) was added to raise the pH to approx. 7.5. The tubes were then frozen for subsequent determination of the distribution of remaining 180 in the Pi by m.s. after treatment with diazoethane to yield triethyl phosphate (Hackney et al., 1980; Hibberd et al., 1985; Webb et al., 1986) . Duplicate determinations were performed on each sample.
Stopped-flow spectrophotometry (model SF-51 instrument; Hi-Tech Scientific, Salisbury, Wilts., U.K.) was performed inside the anaerobic glove-box as previously described (Ashby & Thorneley, 1987) . E.p.r. samples of Kp2 protein were prepared and frozen inside the anaerobic glove-box and run on a Bruker ER 200D spectrometer as described by Thorneley & Lowe (1983) . The extent of oxidation was determined from the residual amplitude of the g = 1.94 feature, which is a characteristic of the reduced Kp2 protein.
All biochemicals were purchased from Sigma Chemical activity of approx. 1500 nmol of H2 produced/min per mg of protein being only 45 % active in the electron-transfer reaction can now be extended to the reductant-independent ATPase reaction. (Thorneley, 1975 (Thorneley & Deistung, 1988 (Fig. 4, trace B) . Ashby & Thorneley (1987) ['80j4Pi (as H2'80) on formation of the flyphosphate bond ('60-bridge originating from the f-phosphate) to give bound ATP. The protein-bound ATP will then be hydrolysed, and P, will re-form containing one oxygen atom from water (1f0) (direct attack of 16OH-on the y-phosphorus atom with the bridging 160 being retained by the f-phosphorus atom). In this way ADP and protein catalyse the exchange of oxygen atoms in the P,. In this reaction an oxygen atom of the fl-phosphate group of ADP is acting as a nucleophile. 1, 48.9 12.7, 15.5 5.8, 6.3 25.3, 23.4 13.5, 13.2 4.7, 4.9 15.3, 16.0 8.8, 8.7 4. McKenna et al. (1985) . They showed that ATP labelled with 180 in the fly-bridge position was recovered unchanged within the (5 %) limit of the 31P-n.m.r. detection method used for assays containing functional A. vinelandii nitrogenase. McKenna et al. (1985) concluded that the forward reaction (ATP cleavage) must be considerably more rapid than the reverse step (reaction of ADP with P1 and release of ATP), unless P(a)-P(,, rotation in the bound ADP fragment is unusually restricted. Further comment on these data requires knowledge in greater detail of the experimental conditions than was provided in their preliminary publication. It would be of particular interest to repeat the experiments on positional isotope exchange at low temperature (6°C), where the data of Thorneley et al. (1989) suggest the equilibrium constant for ATP cleavage is close to unity, and also to use the Kp2OX Kp1 complex at the high concentration used in the present experiments to study reductant-independent ATPase activity. p[CHJ2ppA (1 mM) is due to reaction at another site. We cannot exclude the possibility that this 'background' rate is due to contaminating proteins that are not inhibited by Ap5A. However, the pronounced effect of ADP must be associated with the nitrogenase protein complex, since it is extremely unlikely that the enhanced 180 exchange could result from contaminating proteins present in the individual nitrogenase component protein solutions. These contaminants would have to interact or be activated when the stock solutions of Kp2OX and Kpl were mixed together.
We have interpreted the [180]P,/water oxygen exchange data in terms of a site formed or activated when Kp2o0 and Kpl form a complex. This site is also responsible for reductant-independent ATPase activity. The site has a group X that is capable of catalysing a relatively low rate of 18Q exchange from [r804JPr in the absence of ADP. Group X may be located on either Kpl or Kp20X . Two pieces of evidence suggest that group X is not acting as a nucleophile. Mortenson et at. (1985) used 170180-labelled lythio]ATP to show that hydrolysis by nitrogenase (at a rate approx. 1 % of that for ATP) results in inversion at the chiral terminal thiophosphate group. This strongly implies a one-step phosphotransfer to water without the involvement of a nucleophilic group X on the enzyme. It does not, of course, exclude group X acting as a general acid/base catalyst or indeed X being a metal ion possibly present as part of the FeMo-cofactor. The second piece of evidence is the similarity between the kinetics and enthalpy changes for ATP cleavage occurring on nitrogenase and that on myosin (Thorneley et al., 1989) . These data suggest a similar mechanism, which in the case of myosin is known to involve direct attack of water at the terminal phosphorus atom without the involvement of a group X on the protein (Webb & Trentham, 1980) . p[CH,]ppA is assumed to bind to the protein complex and to inhibit 18Q exchange catalysed by group X by preventing the binding of [180J]Pi. However, it must be possible for ADP and Pi to be bound, at least transiently, at adjacent sites, since ATP hydrolysis generates these species. The reversible nature of this reaction (shown in Scheme 2) is proposed to account for the main observation of this study, the ADP-induced enhancement of the 180 exchange from ['804jPi . The ADPenhanced exchange reaction, like ATP hydrolysis, only occurs on the Kp2OX Kpl complex, not on the isolated component proteins.
